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(54) Sensors for measuring temperature and methods of measuring workpiece temperatures 


(57) The disclosure relates to a sensor (24) for 
measuring tlie temperature of a workpiece (10) includ- 
ing a SLtetrate, wafer, shield or other element In a sem- 
iconductor processing syst^. In the illustrated 
embodiment, the sensor has a heat shield (30) to reflect 
away from the heat sensing element, heat from 


unwanted sources such as susceptors and heating car- 
tridges which can adversely affect the accuracy of the 
measurement. In addition, the heat shield (30) prefera- 
bly has a snnall thermal mass for improved responsivity. 
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Description 

The present invention is directed to the fields of thin 
film deposition and other semiconductor processing 
systems. 

Modern liquid crystal displays, such as the actrv 
matrix liquid crystal delays used in some portable 
computers, are typically formed by the d^x)sition of thin 
films on a glass-substrata These thin films are subse- 
quently processed . using standard photolithographic 
techniques to formihe circuitry ^ich drives the liquid 
crystal display. This circuitry typically includes amor- 
phous silicon field effect transistors and is formed 
directly on the surface of the glas&substrate to optinruze 
the integ^tion of these displays. Satisfactory perform- 
ance of the resulting- liquid crystal di^lays is often 
dependent on the uniformity of transistor characteristics 
across the surface of the glass^ubstrate and on the 
level of performance exhibited by individual transistor 
elements. Satisfiactory characteristics of thin films sem- 
iconductors, insulators and metals on glass substrates 
are in turn usually highly sensitive to the tenperature of 
the glass deposition substrate. For example, the deposi- 
tion temperature can strongly affect the mobility of carri- 
ers in deposits amorphous silicon films and thereby 
affect the performance of MOSFETs formed from the 
deposited amorphous silicon films. Accordingly, for 
n^ny applications, it is important to maintain the depo- 
sition sut)strate at an appropriate tennperature, as well 
as to maintain a uniform temperature aaoss the surface 
of the deposition sut>strate. 

In a vacuum deposition system, glass deposition 
substrates are typically loaded into a thin film deposition 
system through a vacuum load lock and a transfer 
chamber. Because of the sensitivity of the thin film dep- 
osition process to the temperature of the deposition 
substrate, a nun^er of precautionary steps are often 
taken to ensure that the glass sut)strate is brought to the 
appropriate temperature before deposition begins. For 
example, after the glass substrates are admitted to the 
deposition system, the substrates are frequently heated 
in a preheat chaniser until they reach a temperature 
near the target deposition tenperature. Once the sub- 
strates have preheated to a sufficient degree, one of the 
si^rates Is transferred to the depositton chamber by a 
sut)strate transfer robot in preparation for thin film depo- 
sition. Even if the transfer operation is performed 
quickly, the glass substrate can cool markedly during 
the transfer operation. Thus, the substrate usually must 
be preheated again to ensure that the substrate has uni- 
formly btained the appropriate deposition temperature. 

Th duration of this secorxf preheat step is often 
refen-ed to as the "soak" time. The second preheat is 
performed by a susceptor which is a tdt)le-like structure 
with a built-in heater. The deposition substrat ispref r- 
ably heated lor a suffid&tt time to ensure that the 
deposited film will have the desired characteristics, oth- 
erw^e there is a risk that devices formed using the 
deposited film will have poor or non-uniform perform- 


ance characteristk;s. The soak time directly impacts the 
potential througlput of a given thin film deposition sys- 
tem because deposition usually do s not take place 
during the soak time. It is therefore desirable to mini- 

5 mize the soak tinie so that the second preheat step 
takes only as long as is necessary to ensure that the 
substrate is at the appropriate temperature. 

To improve efficiency, it is preferable to monitor the 
tenperature of the d^)ositiGn substrate in situ to estab- 

10 lish when the dqsosition substrate has reached an 
appropriate deposition tenperature. Also, it is highly 
desirable to monitor the tennperature of the substrate 
during the deposition process. However, it has hereto- 
fore been very difficult to measure accurately the tem- 

15 p^ature of a sitetrate within the deposition chamber. 
For example, in the field of wafer processing, it is known 
to measure the temperature of tiie wafer by placing a 
heat sensor in direct contact with the wafer. Such direct 
corrtact methods are often undesirable in thin film 

20 processing systems because the contacting heat sen- 
sor tends to lower the tenperature of the substrate at 
the point of contact. Not only can such a temperature 
change adversely affect tiie accuracy of the measure- 
ment but the low tenperature spot at the point of con- 

25 tact can cause a discontinuity in the deposited film. 

To avoid contacting the substrate with the heat sen- 
sor, it has been proposed to measure the tenperature 
of the susceptor on which the substrate rests in the dep- 
osition chamber. However, because the pressure In the 

30 deposition chamber is typically about 5 mTon-, there is 
usually too little gas convective heat transfer between 
the dqDosition substrate and the susceptor to keep the 
substrate and the susceptor in good thermal contact, 
notwithstanding the fact that the substrate is in physical 

35 contact with the susceptor. Thus, the temperature of the 
susceptor is usually a poor measure of the tenperature 
of the deposition substrate. 

Yet another approach has been to measure indi- 
rectly the temperature of a substrate by positioning a 

40 heat sensor in physical proximity to the substrate but 
spaced a predetermined distance from the surface of 
the siisstrate. While this approach avoids disrupting the 
tenperature of the substrate and otiiennnse contaminat- 
ing tiie sut)strate by contacting tiie sut)strate, tiie accu- 

45 racy aral speed of measurement by such non-contact 
ty|3e heat sensors have often been correspondingly 
reducoil. 

Still further, in thin film processing systems, it is 
usually impractical to position the heat sensor above the 

so substrate since the heat sensor would likdy interfere 
with the film deposition. As a consequence, the heat 
sensors have typically been Installed on tiie susceptor 
underneatti tiie substrate. As a result, the temperature 
measurements by the heat sensor are usually a function 

55 of not only tiie tennperature of the substrate but the tem- 
perature of the susceptor as well. Since there can be 
substantial c&fferences in th temperatures of the sub- 
strate and the susceptor (for exanpl 200^ and 250''C, 
respectively), the effects of tiie susceptor tenperature 
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can substantially reduce 1h accuracy of the substrate 
tennperature measurement Yetanother problem associ- 
ated with non-contact sensors is that there is often a 
time delay before a chang in temperature can be 
detected. Thus, should there be a sudden change in the 5 
substrate temperature, the accuracy of the m^ure- 
ment can adversely affected. 

U.S. Patent No. 5.106,200 entitled "Apparatus For 
Measuring Temperature V\fa[fer, " assignaJ to the 
assignee of the present application and Issued to one of 10 
the co-applicants of the presentapplication. describes a 
non-contact apparatus forineasuring the tennperature 
of a wafer carried by a robot lifter. This patent, which is 
incorporated In Its entirety by reference, discloses a 
heat sensor comprising a thermocouple having a heat is 
collector which is capable of efficiently cotlectirTg radiant 
heat incident thereon. To improve the collection of heat 
by the heat ooltector. the heat sensor also has a heat 
reflector formed on a generally conical surface below 
the heat collector. It is disclosed that a co-amic material ^ 
with a metal coating or metallic materials such as stain- 
less steel may be used for this purpose. The ceramic 
material which has been coated to form the heat reflec- 
tor serves the additional purpose of reducing or elimi- 
nating the thermal effects of the adjacent lifter on the 25 
thernx)C0uple of the heat sensor. Although the heat 
sensor disclosed in this patent has both significantly 
improved accuracy and response time as conpared to 
many prior non-contact type sensors, for many applica- 
tions, even greater accuracy and response time would 30 
be highly beneficial. 

Yet another non-contact type heat sensor used in 
wafer and thin film processing is the pyrometer which 
measures the tenrperature of a workpiece by sensing 
the infrared radiation emitted by the worM^ce. U.S. 3S 
patent application serial No. 08/021 ,840, entitled 
"Measuring Wafer Tenperatures," and assigned to the 
assignee of the present invention, descn^b^ a pyrome- 
try system in which a cavity is formed adjacent to the 
wafer whose tenrperature is to be measured. Blackbody 40 
radiation within this cavity is sanpled to yield informa- 
tion about the temperature of the wafer. U.S. patent 
application serial No. 08/190.421, entitled "Optical 
Pyrom^er for a Thin Rim Deposition System," and 
assigned to the assignee of the present Invention, 45 
desalbes a pyrometer in which the t>ack side of the 
deposition substrate is viewed through a channel 
ftM-med in the susceptor of the deposition system. Radi- 
ation from the back side of the deposition substrate 
passes through an Infrared window and to an infrared so 
detector. A tube-like light guide shields the infrared 
detector from the background radiation produced by the 
heated susceptor. Afthough such pyrometers can pro- 
vide accurate measurements witii satisfactory response 
times under appropriate circumstances, pyrometers 55 
tend to be relatively expensive, particularly as com- 
pared to thermocoipie-type h^t sensors. In addition, 
pyrometers ar generally not well suited for temperature 
measurement during the deposition process since the 


plasnra assodated with the deposition often adversely 
affects the measurement 

In accordance with one aspect of the present inven- 
tion, a device for measuring the temperature of a work- 
piece conrprises a heat sensor element and a heat 
shield positioned to reflect, away from the heat sensor 
element of the device, heat emitted from sources other 
than the workpiece. In the illustrated embodiment, tiie 
heat shi^d is a thin-walled, generally conically shaped 
structure having a highly polished exterk)r surface which 
reflects heat away from a thermocouple positioned 
within the heat shield to measure the tenperature of the 
workpiece. The hi^ly reflective exterior surface reflects 
h^t emitted from a susceptor or otiier non^workpiece 
source so as to minimize any adverse effect on tiie 
accuracy of the worlpiece temperature measurement. 
In addition, because the heat shield tms a thin-walled 
consb'ucti'on. the responsivity of the device is stgnifi* 
cantly improved. 

In a preferred embodiment, the interior surface of 
tiie heat r^lector is also highly polished so as to further 
improve the collection of heat emitted by the workpiece. 
It will be apparent from the following that polishing both 
tiie interior and exterior surfaces of the shield also min- 
imizes tiie thermal interaction between tiie thernrrocou- 
ple and the shield arxJ between the shield and the 
susceptor. 

The following is a description of some specific 
embodinDents of the invention, reference being made to 
the accompanying drawings in which: 

Fig. 1 is a schematic diagram of a processing 
chamber in accordance witfi a preferred emtxxii- 
ment of the present invention. 
Fig. 2 is a top view of the chamber of Fig. 1 . 
Fig. 3 is a cross-sectional view of a heat sensor for 
tiie substrate of the chamber of Fig. 1. 
' Fig. 4 is a top view of the heat collector of the heat 
sensor of Fig. 3. 

Fig. 5 is a perspective view of a support bracket for 
tiie heat sensor of Fig. 3. 
Fig. 6 is a side view of the heat sensor of Rg. 3. 
Fig. 7 is a side view of a heal sensor for the shieW 
of the chamber of Fig. 1 . 

Fig. 8 is a graph depicting temperature measure- 
ments of the shield of the chamber of Fig. 1 . 
Fig. 9 is a ^Bph of temperature measurements of 
tiie substrate and susceptor of the chamber of Fig. 
1. 

Fig. 10 is a graph depicting calibrated temperature 
measurements of the 8ut>strate with a cold suscep- 
tor. 

Fig. 11 is a graph depicting tenperature measure- 
ments of a substrate placed on a hot susceptor. 
Fig. 12 is a graph depicting tenperature measure- 
ments of a substrate during processing. 
Figs. 13 and 14 are schematic representations of 
tiie temperature control systems for the shieki and 
substrate, respectively, of tiie chamber of Fig. 1 . 
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A system in accordance ^wrth a preferred embodi- 
ment of the presentinvention is indicated generally at 1 
in Figs. 1 and 2. As will be:explained in greater detail 
below, preferred embodiments utilize a heat sensor ele- 
ment for measuring the temperatire of a workpiece and s 
a heat shield to reflect away from the heat sensor ele- 
ment heat emitted by non-workpiece sources. Such an 
arrangement has been found to improve significantly 
the accuracy of the workpiece temperature measure- 
ment In addition, the heat shield preferably has a thin- io 
walled construction which has been found to improve 
significantly the re^nslvity of the sensor. 

In the illustrated embodiment, the workpiece is a 
sutjstrate 10 in a thin-film physical deposition (PVD) 
system. It is appreciated tfrat the workpiece may also be is 
a s miconductor wafer, a chamber shield or other ele- 
ment in any semiconductor processing system in which 
there is a need to measure the temperature of the ele- 
ment. Thus, although the Illustrated ennbodiment is 
desaibed in connection vknth a thiniilm deposition sys- 20 
tern, it should be appreciatedlhatihe present invention 
is also useful in wafer and other semiconductor 
processing systems. 

The illustrated system 1 is configured so that a thin 
film is deposited ontha deposition substrate 10 when it 25 
is disposed on the surface of a susceptor 12 and adja- 
cent and parallel to a sputtering target plate 14. The 
deposition substrate 10 may be a piece of glass being 
processed to form a liquid crystal display device. During 
gutter deposition, a voltage is applied between the 3o 
sputtering target plate 14 and the susceptor 12 and 
other parts of the chamber. The voltage is high enough 
to ionize a gas, usually argon, in the intervening ^ce 
into a plasma, and the positively charged argon ions are 
accel rated toward the target plate 1 4 where th^ hit the 35 
target plate 14 at relatively high energies. A magnetic 
fieM generated by a nrtagnet (not shown) behind the tar- 
get plat 14 concentrates free electrons adjacent to the 
target plate 14 so as to allow a high-density plasma to 
be formed there. As a result of the collisions, free atoms 40 
or groups of ionized atoms of the target material are 
ejected from the surfece of the target essentially con- 
verting the target notorial to free atoms or molecules. 
Most of the free atoms which escape the target surface 
in Iha direction of the substrate, strike the substrate to 45 
form thin fim layers on the substrate 10. Such a magn- 
etron sputtering system is described in greater detail in 
copending U.& applications Serial Nos. 08/236,715, 
filed April 29, 1994, entitlKJ "Integrated Sputtering Tar- 
get Pssmtfy" and 08/303,098. filed Septent^er 8, so 
1994, entitled "Shield Configuration for Vacuum Cham- 
ber," which are incorporated in their entireties by refer- 
ence. It is recognized 1hat the temperature measuring 
systems of the present invention may be used with other 
physical vapor deposition (PVD) processes and other ss 
semiconductor processes including CVD and ETCH. 

Th thin film deposition system preferably employs 
a massive aluminum block as the susceptor 12 to heat 
the substrate 10 to an appropriate temperature for dep- 


osition to occur A shadow fram 16 disposed around 
the periphery of the substrate 10 prevents the film from 
forming on th outer edges of the substrate 1 0. Prerf era- 
bly. tiie sii>strate 1 0 is heat^ to a deposition tempera- 
ture about 200''C and the susceptor tenperature is 
maintained at approximately 250°C. A shleki 20 protect- 
ing the interior of the chamber, is also heated, to a tem- 
perature of approximately 300°C, by four cartridge 
heaters 22 which achieve a tenperature of approxi- 
mately SOO^C. 

In the course of operation, new d^x^sition sub- 
strates 10 are transferred from a preheat chamber (not 
shown) to the susceptor 12 by a transfer robot 18. The 
tenperature of tiie deposition substrate 10 fells as the 
substrate is transferred from the preheat chamber to the 
surface of the susceptor 12, and the deposition sub- 
strate 10 is preferably reheated to an appropriate tem- 
perature before deposition begins. In the illustrated 
embodiment, an improved temperature measurement 
system monitors the terrperatire of the deposition sub- 
strate 10 as well as the shield 20. As a result, tiie sub- 
strate and shield can reliably be heated to their 
respective ^ropriate temperatures before the deposi- 
tion process begins. 

Objects at room temperature, or at the moderately 
elevated temperatures at which the substrate 10 and 
susceptor 12 are maintained during thin film deposition, 
emit radiation primarily in the infrared region. In other 
words, both the deposition substrate 10 and the suscep- 
tor 12 will emit radiation having a continuous spectaim 
of wavelength, most of tiie energy of vuhich lies within 
the infrared region. 

The system illustrated by Figs. 1 ard 2 includes a 
first tenperature sensor 24 disposed centrally vtnthin the 
susceptor 12 and spaced from the underside of the dep- 
osition substrate 10 for measuring tiie temperature of 
the sut>strate 10. In addition, the system has a second 
sensor 26 disposed between tiie ends of two cartridge 
heaters 22 and oriented towards tiie underside of the 
shield 20 (Fig. 1) to measure the temperature of the 
shield 20. The heat sensors 24 and 26 are disposed 
under the substrate 10 and the shield 20. respectively, 
to protect tiie sensors from the plasma formed between 
the substrata 10 and target 14 during the deposition 
process. Since the susceptor 12 is placed In direct 
physical contact witii the underside of the substrate 10 
to heat tiie substrate 10 before and during tiie deposi- 
tion process, the susceptor 12 and the substrate heat 
sensor 24 are in ctose physical proximity. Similarly, the 
cartr'dge heaters 22, in order to properly heat tiie shiekl 
20, are disposed close to the shield 20 and as a result 
are adjacent to the shield temperature sensor 26. 

As noted above, the temperature of tiie susceptor 
12 can be substantially higher tiian tiiat of the substrate 
10. As a consequence, heat emitted by the susceptor 
12, if detected by tiie neart>y substrate tenperature sen- 
sor 24, can substantially adversely affect the accuracy 
of tiie t»nperatur measurement of ttie sitetrat 1 0. In 
a similar manner, the high©- tenperature heat emitted 


4 


7 


EP 0 723 141 A1 


8 


by the cartridge heaters 2a.adjacent to the shield tem- 
perature sensor 26 can^dversely affect the accuracy of 
the shield temperature measurement. 

Conversely, th temperature of th suscept r 12 
may be substantially belcurthat of the substrate 1 0. This s 
tenperature differential can also interfere with proper 
temperature measurement of the substrate 10. 

In accordance with one aspect of the present inven- 
tion, each of the temperature sensors 24, 26 has a heat 
reflective surface positioned to reflect unwanted heat io 
away from the heat sensing element of the heal sensor. 
For example, as best seen in Fig. 3, the heat sensor 24 
includes a generally conically shaped heat shield 30 
disposed around a thermocouple junction 32 carri^ at 
one end of thermocouple leads 64 laid through protec- is 
tive thermocouple sheath 34. The end of the sheath 34 
carrying the thermocouple junction 32 is received within 
an annular aperture of a heat collecting member 36. 
Heat (infrared radiation) emitted by the substrate 10 
overlying the sensor 24 either impinges directly on the 20 
heat collector member 36 or is reflected by the inner 
surface 38 of the heat shield 30 onto the infrared 
absorptive neat collector member 36, to heat the heat 
collector member 36, as represented by heat ray 40. 

The heat sensor 24 Is received within a cylindrical 25 
hole 42 which passes through the susceptor 12. 
Because of the substantial temperature differential 
between the susceptor 12 and the substrate 10, the 
heat emitted by the susceptor 12 can adversely affect 
the temperature measurement of the substrate 10. To 30 
reduce the effect of the susceptor 12, in accordance 
with one asp^ of the present invention, the heat shield 
30 has a highly polished, mirror-like exterior sirface 44 
which reflects infrared radiation from the susceptor 12 
away from the heat collector member 36 as represented 35 
by the heat ray 46. In addition, the heat shield 30 
reduces the effect of heat transferred from the suscep- 
tor 12 by other media such as gases and plasma which 
may be in the chamt^ atmosphere between the cylin- 
drical Inner wall 42 of the susceptor 12 arKJ the heat 40 
sensor 24. Still further, the shield 30 provides at least 
partial protection from RF and plasma noise during the 
thin film deposition process. 

In accordance with another aspect of the present 
Invention, the shield 30 has a very thin-walled construe- 4S 
tion. In the illustrated embodiment the conically shaped 
wall 48 of the heat shield 30 has a thickness of prefera- 
bly no more than approximateiy 0.008 inches (0.2 mm). 
Becauseof this thin-walled construction, the heat shield 
30 has a very low thermal mass and thus equilibrates in so 
a relatively short time. (A tiiickness of 0.4 mm should 
result in a correspondingly increased (double) response 
time.) Thus, once the substrate 10 is placed In the 
chamber, the heat-sensor 24 can almost immediately 
(for example within less ttian a second) accurately ss 
measure the temperature of the substrate 10. In addi- 
tion, the distance between ther heat sensor 24 and the 
sut>strate 10 can b increased while maintaining sensor 
response times well within acceptable limits. For exam- 


ple, it has been found that the sensor 24 is able to 
measure accurately the tenperature of the substrate 1 0 
within less than on second even when the substrate 10 
is displaced mom than one inch from the sensor 24. In 
general, the thickness of the shield wall of the heat 
shield 30 should t>e as thin as possible to reduce the 
thernrial mass of the heat shieki as much as possible 
while maintaining sufficient structural integrity and with- 
out adversely affecting the heal shielding and RF and 
plasma noise shielding functions. 

As previously mentioned, the exterior surfece 44 of 
the shield 30 is preferably highly polished to a mirror-like 
finish to maximize the heat shielding function. In addi- 
tion, in the illustrated embodiment, the interior surface 
38 of the shield wall 48 within line of sight of the heat 
collector 36 is also highly polished to a mirror-like finish. 
In the illustrate embodiment, the heat shieki 30 is 
formed from stainless steel and is first machined to a 
smoothness of 34 Ra. The shield surfaces 38 and 44 
are then mechanically polished to an increased smooth- 
ness of 8 Ra. Finally, these surfaces are electropolished 
and chemically polished to a smoothness of 2 Ra so 
that the heat shield has a very shiny, minor-like finish 
both inside and out The fine polishing provides a high 
reflectivity for optical radiation at wavelengths near the 
peak of the Planck distribution for the temperature being 
measured, namely, within the infrared band near 5 ^m 
for typical PVD substrate temperatures. Although the 
heat shield 30 has been described as being formed 
from a stainless steel mat^al. it is recognized that 
other materials may be used. In general, it is preferred 
that highly r^lective, low emissivity metals be utilized 
including aluminum, gold and silver. These highly reflec- 
tive metals can be coated onto a shield formed of a dif- 
ferent metal. 

A polished surface not only reflects infrared radia- 
tion (heat), but it is important to note that the surface of 
a polished face also does not efficiently emit light. As a 
result, the outer polished surface increases the thermal 
isolation of the shield wall 48 from the susceptor. For 
exarrtple, if the inner surface 38 were polished but the 
outer sur^ce 44 was not, the shield 30 would tend to 
equilibrate to the susceptor temperature. Since the pol- 
ishing of the shield inner sur^ce is not perf^, the 
shield would then affect the temperature of the heat 
sensor 24. On net, when the substrate is hotter than the 
susceptor, it is believed that there would be transport of 
h^t from the shield to the susceptor. This transport 
should be minimized as much as possible. It Is believed 
that one effect of polishing both surfeces 38, 44 of the 
shield 30 is a minimization or at least a substantial 
reduction in the thermal interaction between the heat 
sensor 24 and shield 30 and between the shiekl 30 and 
the susceptor 1 2. The thinness of the wall 48 decreases 
the thermal nnass of the shield so that it quickly s ttles 
to some equilibrium tenperature between the tempera- 
tures of the heat sensor and of the susceptor 1 2. 

As noted above, the shield wall 48 of the heat shield 
30 has a generally conical shape which, in the illus* 
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trated embodment, is angled at an angle of 45° with 
respect to the central axis of the heat shield 30. tt is rec- 
ognized that other shapes such as a parabolic shape 
may also be utilized. In general, dish or concave shapes 
which enhance the cotiection and redirecting of heat 5 
emitted from the substrat 1 0 to the heat collector 36 of 
the heat sensor 24 are preferred. 

In the illustrated embodiment, the heat shield wall 
48 has an outer diameter of 0.350 Irxrhes (8.89 mm) and 
the susc ptor channel 42, within which the heat sensor 
24 is received, has a diameter of 0.391 Inches (9.93 
mm). In general, It Is preferred that the susoeptor chan- 
n I 42 and the heat sensor 24 be as snnall as possible 
so as to minimize any uneven heating of the substrate 
10 by the susceptor 12. In addition, reducing the size of 
the heat sensor improves its response time. 

The heal shield 30 is preferably formed by machin- 
ing. After forming the exterior surface 44, the partially 
formed heal shield is secured by a suitable female jig to 
permit the interior surface 38 to b© formed. It is recog- 
nized that other techniques maybe used. For example, 
the very thin wall 48 of the heat shield can be stamped 
from a thin, planar sheet of metaJ. Alternatively, the vi^ll 
48 can be cut from the thin sheet and bent and then 
welded along the resulting seam to form a conical 
shape. The conical wall 48 may then be welded to the 
more massive annular stem 51 . 

The heat collecting member 36 of the illustrated 
embodiment is in general an annular, cap-shaped mem- 
ber having an orifice 50 (Rg. 4) in the top wall of the 
heat collector member 36. The end of the sheath 34 
containing the thermocouple junction 32 is received 
within the heat collector member 36. The aperture 50 
penmits the thermocouple sheath 34 to be brazed to the 
heat collector member 36. The top of the heat collector 
36 is preferaWy machined flush to remove any excess 
brazing. The heat collector 36 is painted with a black 
colored paint such as Plasticoat, HP- 11 -black, to 
increase the heat receptivity of the heat collector mem- 
ber 36. In the illustrated embodiment, the heat collector 
36 has an outer diameter of 0.064 inches (2.1 mm) and 
a length of 0.050 inches (1.3 mm). In general, the heat 
collector 36 should be relatively small for increased 
re^nsivity. The heat collector 36 of the illustrated 
emtxxliment is formed from an oxygen-free copper, tt is 45 
recognized of course that the heatcollector member 36 
may be formed from a variety of other materials, includ- 
ing anodized aluminum. In general, it Is prefen'ed that 
the heat collector member material have high heat con- 
ductivity and emissivrty so 

The annular stem 51 of the heat shield 30 is 
attached to the exterior of the sheath 34 preferably so 
that the top surface of the heat collector 36 is recessed 
slightly, 0.005 inches (125 )im) in the illustrated embod- 
iment, with respect tolhe^top of th heat shield 30, to ss 
Increase the protectiorrafforded bythe heat shield 30. In 
the illustrated entxxjiment th heat shi Id 30 is 
attached to the sheath 34 using a 604 VTQ silver braze 
to provide good thermat conductivity and low out-gas- 


sing performance. It is recognized, of course, that other 
methods of affixing one material to another may be uti- 
lized as well. 

The heat sensor 24 Is supported within the suscep- 
tor channel 42 by an insulative bracket 52 which, as 
best seen in Fig. 5, includes a generally upstanding 
cylindrical portion 54 which has a stot 56 along its length 
to allow the sheath 34 of the heat sensor 24 to be 
inserted lengthwise Into the bracket 52. A generally arc- 
shaped base plate 58 has two through holes 60 which 
permit the bracket 52 to be screwed into the back of the 
susceptor 12 after the cylindrical portion 54 and 
attached heat sensor 24 are inserted Into the susceptor 
channel 42. In the illustrated embodiment, the bracket 
52 is made of a stainless steel material which has a rel- 
atively low heat conductivity. The upstanding portion 54 
of the bracket 52 has a relatively long length (0.996 
inches (2.53 cm) in the illustrated embodiment) to insu- 
late the base of the heat shield 30 from the susceptor 1 2 
supporting the heat sensor bracket 52, The interior of 
the central aperture 62 of the bracket 52 has a diameter 
of approximately 0.063 Inches (1 .6 mm) In the illustrated 
embodiment, whrch Is approximately double that of the 
outer diameter of the sheath 34 to provide further insu- 
lation between the bracket 52 and the heat sensor 24. 
The heat shield 30 has a length of 0.30 inches (7.6 mm) 
in the illustrated embodiment. 

The thermocouple junction 32 of the illustrated 
embodiment is a chromel-alumel alloy thermocouple, 
ungrounded junction, which is soW under the trademark 
Omega, Model No. K. The sheath 34 of the illustrated 
embodiment has an outer diameter of 0.032 inches 
(0.81 mm] and is made of stainless steel. It is recog- 
nized of course that other types of heat sensor elments 
may be used, such as other types of thermocouples or 
a resistive type heat sensor element, in place of a ther- 
mocouple. 

The sheath 34 provides further protection for the 
thernxxxjuple from RF, plasma and other noise 
sources. Tlie thernxx^uple junction and the thermo- 
couple lead wires 64 (Rg. 3) are physically Insulated 
from the thermocouple sheatfi 34 by an MgO powder 
which is packed into the sheath. Attacfied to the ends of 
the two thermocouple wires emerging from the end of 
the sheath 34 is a two pin connector 66 (Fig. 6) which is 
attached to the bottom end of the sheath 34 by shrink 
tubing. An aluminunVepoxy filled transition element 68 
is silver brazed to the sheath 34 to provide a vacuum 
tight seal to sheath 34. 

Referring now to Rg. 7. the heat sensor 26 for 
measuring the tenperature of the shield 20 (Fig. 1) Is 
constructed substantially similarly to the susceptor heat 
sensor 24 described above. However, rather than being 
mounted to the susceptor, the heat sensor 26 for heat 
shield 20 Is attached to a bottom corner frame member 
70 of the processing chamber. The heat sensor 26 is 
supported by an insulative brEicket 72 which passes 
through an apertur 74 through the frame member 70. 
The bracket 72 has a fixed collar 76 which supports the 
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bracket 72 on thetop surface of the frame member 70. 
The bracket 72 is secured to the f rame member 70 by a 
hexnut 78. A washer/O-ring assembly 80 int rposed 
between the hexruit 78 and the lower surface of the 
chamber member 70 seals the connection. 5 

Fig. 8 is a graph of data taken by varbus sensors in 
an experiment to demonstrate the efficacy of the sensor 
heat shield 30 of the heat sensor 26 for measuring the 
temperature of the chamber shield 20. Line 90 repre- 
sents data outputted by a traditional contact type ther- to 
mocoupie which for purposes of conparison was 
installed on the chamber shield 20 approximately one 
inch away from the cartridge heaters. Also, a traditional 
contact type thermocouple was installed on the outside 
surface of the chamber shieki to provide what is is 
believed to be the most accurate meaairement for pur- 
poses of comparison. However, as explained above, 
such a placement of a heat sensor is normally not prac* 
ticaJ in a deposition chanrt)er. The data provided by this 
outside surface thermocoiple is represented t>y line 91 20 
and is considered to be the "true" temperature of the 
shield. Finally, the data provUed by the heat sensor 26 
f 1h illustrated embodiment is represented by line 92. 
For purposes of experimentation, the susceptor 12 was 
removed to eliminate it as a source of heat 25 

As shown in Rg. 8, the temperatures measured by 
the contact type thermocouple positioned dose to the 
cartridge heaters (line 90) showed a substantial offset 
from the shield temperatures measured by the contact 
type thermocouple (line 91) which was positioned away 30 
from the cartridge heaters. Thus, it is readily apparent 
from line 90 that the heat emitted by the cartridges 
adversely affected the accuracy of the temperature 
measurements. In corrtrast, the temperature measure- 
ments taken by the heat sensor 26 els represented by 35 
line 92 show very close agreement with the tenrperature 
measurements taken by the heat sensor positioned 
away from the cartridge heaters as represented by the 
line 91 . Thus, Fig. 8 shows that the heat shield 30 of the 
heat sensor 26 of the illustrated embodiment is very 40 
effective in raiudnglhe adverse effect of heat emitted 
by a non-workpiec& source, here the cartridge heater. 
Therefore, directmeasuremerrt by the heat sensor 26 is 
satisfactory for this application. 

Fig. 9 compares temperature measurements of the 45 
sut)strate 10 taken by the -heatrsensor 24, as repre- 
sented by line 94, to theienperature measurements of 
the substrate 10 taken by a contact type thernKXX)uple 
physically ir^talted on the substrate,. as represented by 
the line 9a A third line -98 represents temperature so 
measurements of the susceptor 12. 

Initially (at time 9:39:41), the 8ut>strate temperature 
is higher than that of the susceptor. At that time, the 
substrate 10 is located 1.0 inch above the susceptor 
Ten minutes later (at time 9:49:40), the suscept r is ss 
raised so that the susceptor is in direct physical contact 
with the substrat . As a consequence, the tennp rature 
of the substrate 10 starts to cool as sfxTwn in Fig. 9. 
Forty minutes later (at time 10:29:40), the temperature 


of the substrate 10 starts rising since it is heated by the 
susceptor and secondarily by the shiekj 20. Another ten 
minutes lat r (at tim 10:39:40), the ^sceptor is bw- 
ered one irKh below the substrate 1 0. 

The heal sensor 24 is heated from ail directions by 
the susceptor 12 and the substrate 10, Hence, as 
shown in Fig. 9, the temperature of the susceptor 12 (as 
represented by line 98). has an effect on the tempera- 
ture measurements of the temperature sensor 24 as 
represented by the line 94. However, rt is seen that the 
shape of the line 94 is substantially related to the shape 
of the line 96 representing the "actual" temperature of 
the substrate 10. Thus, it is dear that the heat shield 30 
is effective in substantially reducing the effect of the 
susceptor on the tenrperature measurments of the 
substrate 1 0 by the heat sensor 24. 

By prqserly calibrating the heat temperature data 
received from the heat sensor 24, the effect of the sus- 
ceptor tenperature on the substrate tenperature meas- 
urements can be further reduced as shown in Figs. 10 
and 1 1. To calS^rate the apparatus, the following equa- 
tion perfornied by a calibrator 120 (Fig. 14) has been 
used: 

Tcorw = (T-T3us)xC+F(T,^3) 

where T^^^ is the calibrated sitetrate temperature, T is 
the temperature read out from the heal sensor 24, 
is the susceptor temperature sensed by a thermocouple 
122 coupled to the susceptor 12. and F (Tgy^) is a value 
determined as a function of susceptor temperature. As 
indicated by the above equation, in order to reduce or 
eliminate the effect of susc^or tenperature. the sus- 
ceptor temperature Ts^s is subtracted out of the temper- 
ature data provided by the heat sensors. Secondly, in 
order to conpensate for an offset caused by the sus- 
ceptor tenperature. the value F (T^us) is added. Finally, 
in order to scale the magnitudes of the values (T - T^ug) 
and F {T^, the quantity (J-T^u^ is multiplied by the 
constant C. 

TTie function F(T,,3) - 77.72 e^^^'**'^^ and 
the constant C = 7.0 have been empirically determined 
for the susceptor temperatures in centigrade depicted in 
Figs. 10 and 11. Line 100 of Fig. 10 represents the cali- 
brated temperature nr>easurement data provided t>y the 
heat sensor 24 when the sitetrate 10 is brought into 
contact with a cold (185°C) susceptor. Line 1(K) shows 
excellent agreement with the actual tenperature of the 
substrate 10 as represented by tine line 102. Moreover, 
it is seen that the tenperature measurements taken by 
the tenperature sensor 24 remain In very good agree- 
ment with tiie actual temperatures of the substrate even 
when the substrate is one inch away from the heat sen- 
sor 24 and the susceptor as represented by time inter- 
vals 9:39:41-9:49:40 and 10:39:40-10:49:40. 

The calibrator 120 preferably includes an analog to 
digital converter for converting the analog tenperature 
signals from th temperature sensors to digital tenper- 
ature data. The solutions to the atxsve described cali- 
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bration formulas are preferably obtained by a suitably 
programmed workstation or other general purpose com- 
puter which is used to control the semiconductor 
processing system or subsystem as a whole. 

Fig. 11 compares tenperature measurements 
taken by the heat sensor 24 as represented by line 104 
to actual tenrperatures of the substrate 10 as repre- 
sented by line 106 as the sut>strate 10 is brought into 
contact with a heated susc^tor (272°c). Fig. 12 shows 
the quick response (within one second) of the heat sen- 
sor in accordance with the present invention during 
processing. During the first ten seconds, the substrate 
is transferred into the processor chamber and is posi- 
tioned one inch above the susceptor. Once placed upon 
the susceptor. the substrate starts cooling (or some- 
times heating) and subsequently reaches thermal equi- 
librium. At that point, proc^ing begins which creates a 
high noise environment. 

Fig. 13 is a schenratic representation of the tenper- 
ature control system for the shield 20 and the cartridge 
heater 22 of Fig. 1 . The tenperature control system 
includes an AC power source 110 which is coupled by 
an SCR (silicon controlled rectifier) 1 12 to the cartridge 
heater 22 which is a resistive type heater. The control 
input (referr^ to as the IriggeO for the SCR 112 is 
controlled by a controller circuit 1 14 which monitors the 
temperatures of both the shield 20 and the heater 22. 
The temperature of the cartridge heater 22 is sensed by 
a thermocouple 116. the output of which Is coupled to 
an input of the controller 114. In a similar manner, the 
temperature of the shield 20 is sensed by heat sensor 
28 as described atxTve, which Is also coupled to an 
input of the controller 114. 

During various portions of the overall film deposi- 
tion process, the shield is heated by the cartridge heater 
22 up to a particular tenperature and is maintained at 
that target temperature for a predetenmined length of 
time. For example, in the illustrated enobodiment, the 
shieU 20 is preferablymaintained at a tenperature of 
approximate 450 * C during l>ak& out and is preferably 
maintained at a tenperature of 300"" C during sputter- 
ing. However, because the thermal mass of the shield 
20 is relatively large, the tenperature of the shield rises 
relatively slowly. Conversely, the tenperature of the 
heater 22 rises much more quickly than that of the 
shield 22. 

In order to prevent damaging the heater 22 by over- 
heating the heater while the tenperature of the shield 
20 rises to Its target tenperature, the tenperature of the 
heater 22 is usually limited to a predetermined nmi- 
mum. which. In the illustrated embodiment Is 800" C. 
Thus, the controller 1 14 preferably triggers the SCR 112 
in such a manner as to heatihe shield 20 as rapidly as 
possible to its target temperature and maintain rt at that 
target temperature without overheating th cartridge 
heater 22 beyond its maximum tenperature. In addition, 
during the sputtering process, additi nal heat is typi- 
cally transferred to the shield 20 by the plasma gener- 
ated during the sputtering. Accordingly, the controller 


circuit 114 should reduce the tenperature of the car- 
tridge heater 22 during sputtering to maintain the shield 
tenperature at its target temperature. In the illustrated 
embodiment the controller is inplemented with a cas- 

5 cade controller. Model 988. manufactured by Watiow 
Controls of Winona, Minnesota. Such cascade control- 
lers are well known in the art and typically utilize primary 
and secorKtary control loops. It rs recognized of course 
that other types of controller circuits may be used and 

10 that power control devices other than SCR*s may be 
used as well. 

Rg. 14 is a schematic representation of the tenper- 
ature control system for the substrate 10 and the sus- 
ceptor 12 of Fig. 1. In a manner similar to that of the 

15 control system of Fig. 13 desaibed above, a cascade- 
type controller 114a nrwnitors the tenperature of the 
substrate 1 0 as indicated by the heat sensor 24 and trig- 
gers an SCR 112a to heat resistive type heaters (not 
shown) within the susc^tor 12 to maintain the sub- 

20 Strata 10 at the target temperature. Before sputtering 
begins, the substrate 10, In the illustrated embodiment, 
is nnaintained at a temperature of 200* C. Once sputter- 
ing begins, however, additional heat will be transferred 
to the substrate by tine plasma. Accordingly, the control- 

25 ler 114a should decrease the tenperature of the sus- 
ceptor to minimize the tenperature increase of the 
substrate. 

In the illustrated embodiment, the temperature sig- 
nals provkled by the tenperature sensors are utilized 

30 directly by the tenperature controllers 1 1 4 and 1 1 4a. It 
is recognized that improved temperature control of the 
substrate 10 and the shield 20 might be achieved by 
suitably calibrating the measured substrate and shield 
tenperatures before the substrate and shield tempera- 

35 tures are input by the controllers 1 1 4 and 1 1 4a. 

It is seen from the above tiiat the present invention 
provides an inproved tenperature measuring system in 
which a heat sNeki deflects heat emitted from 
unwanted sources away from the tenperature sensing 

40 element to inprove the accuracy of tenperature meas- 
urements in high temperature and other environments. 
In addition, because the heat sNeld preferably has a low 
thermal mass, the responsivity of the sensor is signtfi- 
cantiy improved. 

45 It will, of course, be understood that modifications 
of the present Invention in its various aspects can be 
achieved by those skilled in the art For exanple, 
afthough various dimensions and materials have been 
disclosed, it should be appreciated that ether sizes, 

50 shapes and materials may also be utilized. Also, a heat 
sensor in accordance with tiie present Invention rmy be 
a contact-type sensor as well as a non-contact sensor 
as described herein.. 

Other en^bodiments are also possible, their specific 

55 designs depending upon tiie particular application. As 
such, the scope of the invention should not be limited by 
the particular embodiments herein described but should 
be defined only by the appended claims and equiva- 
lents thereof. 
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Claims 

1. A temperature sensor for measuring the tempera- 
ture of a workpiece adjacent to an object, compris- 
ing: s 

a heat sensor element; 

a heat shield disposed between said heat 
sensor element and said object having a reflective 
surface positioned to reflect thermal radiation emit- 
ted from the object awa/ from the heat sensor ele- io 
ment 

2. The sensor of claim 1 wherein saki reflective sur- 
face has a snrtoothness of 2 Ra or smoother 

15 

3. TTie sensor of claim 1 wherein the heat shield is a 
thin wall having said reflective surface on the exte- 
rior of the thin wall and a second reflective surface 
on the interior of the wall. 

20 

4. The sensor of daim 1 wherein said wall has a thick- 
ness of approximately 0.2 mm. 

5. The sensor of dai m 1 wherein said wall has a thick- 
ness of no more tharrapproximately 0.4 mm. 25 

6. The sensor of claim 1 further comprising a calibra- 
tor for calibrating the sensor in accordance with the 
following relationship: 

30 

TcorTy = (T-T^l)xC + F(T,,j) 

where Team is thercaiibrated tenperature, T is the 
temperature read-outfromihe sensor. Toi^j Is the 
measured objecttemperalure and F Oobj) is a value 35 
determined as a function of object temperature. 

7. The sensor of claim 1 wherein the heat shield is 
conical in shape. 

40 

8. The sensor of claim 1 wherein the heat shield is 
concave in shape. 

9. The sensor of claim 1 wherein the sensor element 

is a thermocouple. 4S 

10. The sensor of claim 1 wherein the object is a sus- 
cepton 

1 1 . The sensor of claim 1 wherein the object is a thin so 
film deposition chamber shield. 

12. The sensing device of claim 6 wherein the object is 
a susceptor and the function 
F(Tobj) = 7772e°-°°^''^°^UndtheconstantC ss 
= 7.0 

13. A syst m for controlling the temperature of a sub- 
strate, comprising: 


a susceptor positioned to heat the substrate 
and defining a central aperture; 

a heat collector positioned within th sus- 
ceptor aperture for collecting heat from the sub- 
strate: 

a thermocouple positioned adjac nt the heat 
collector for sensing the heat collected by the heat 
collector: 

a thin-walled, conical heat reflector posi- 
tioned between the thermocouple arxJ the suscep- 
tor and having an outer n^rror-like reflective surface 
positioned to reflect radiation emitted from the sus- 
ceptor away from the thermocouple and also having 
an inner mirror-like surface shaped and positioned 
to r^lect radiation emitted from the substrate 
toward the heat collector. 

14. A method of sensing the temperature of a work- 
pece, comprising; 

sensing radiation emitted by the workpiece 
with a heat sensor element; and 

reflecting radiation emitted by an object 
adjacent to the workpiece, away from the heat sen- 
sor element with a reflective heat shield. 

1 5. The method of claim 14 further comprising calibrat- 
ing the sensor in accordance with the fdtewing rela- 
tionship: 

where T^onv ^ calibrated tempo-ature, T is the 
temperature read out from the sensor. Tobj is the 
meaoired object temperature and F (T^ is a value 
determined as a function of object temperature. 

16. A method of sensing the temperature of a sub- 
strate, comprising: 

sensing heat emitted by tiie substrate with a 
heat sensor element; and 

reflecting heat emitted by a susceptor away 
from the heat sensor element with a thin-viralled 
shield. 

17. A temperature measuring system, comprising: 

a reflector having a conical wall of thickness 
less than 0.4 mm and interior and exterior sur^ces 
of said walls being polished to reflect infrared radia- 
tion; and 

a heat sensor disposed within said reflector 
within geometric line of sight of said interior surface. 

18. A tenrperature measuring system as claimed in 
daim 17, further comprising an infrared absorptive 
body in which said heat sensor is disposed arxJ 
which is exposed to said interior surface. 
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19. A temperature measDring system as daimed in 
claim 17, whereirr said-siirfaces are polished to a 
smoothness of approximai ly 2 Ra or smoother. 

20. A temperature nneasoringsystenrfbrTneasurlng the s 
temperature of a substraterasxlaimed in daim 17, 
further comprising a tenperature-controlled body 
having an aperture therein extendingfrom a princi- 
pal surtoe thereof lifx^n which: said substrate is 
placeable, said reflector, being disposed in said io 
aperture and said heat sensor being disposed in 
said aperture between said principal surface and 
said reflector. 


15 


20 


25 


30 


35 


40 


45 


50 


55 


10 


EP 0723 141 A1 



EP 0723 141 A1 



12 


EP 0723 141 A1 



13 


EP 0 723 141 A1 



215 r 

210.. 
205 
200 
O 1951 

m 185 
^ 180 
175 
170 
165 


96 


94 



T 

98 


Al:5 TC5 
94 

Al:9 susceptor 
98 

AI:10 noncontact 
96 


T— 

o 

o 




ai 

oi 


CO 

Ti- 


oi 

en 



o 

oi 
o 


o 

d 


o 
6> 

Osl 


o 

CO 


o 
cri 
o 


TIME 


14 


EP 0723 141 A1 


250 
240 
230 
220 
210 
200 
190 
180 
170 
160 
150 


CO 

6> 


100 



1.0"away from 



susceptor 


— Al:5 TC 5 

100 

— Tconv 

102 


Susceptor 
Temp:185**C 


On the susceptor 


1 .Caway^f rom susceptor 


o 
6> 


o 

cri 
ai 


o 
o 


o 

T- 

o 


o 
6) 

CM 

d 


o 
cri 

CO 

d 


o 

CD 

d 



EP 0 723 141 A1 


Glass 
transferred 



225 
220 
215 


210 ■ ■ ' ' ' — I . III- — I I i_i I 

o:o o o o oooooooo 

T-CMCO'^inCDN'OOOOT-CM 


Time sec 


16 


EP0 723141 A1 



EP 0 723 141 A1 



18 


EP 0723 141 A1 


s> 


^^11 European Patent 

&}] omce 


EUROPEAN SEARCH REPORT 


A^pUotlDn Numbtr 

EP 95 30 9495 


DOCUMENTS CONSIDERED TO BE RELEVANT 


Category 


CitatioB of docuniEnt with indicMtion, where approprwtc, 


Relevant 


CLASSinCAnON OF THE 
AFPUCATION (IBLCL6) 


PATENT ABSTRACTS OF JAPAN 
vol. 10» no. 68 (P-437), 18 March 1986 
& JP-A-60 209158 {SHIMAZU SEISAKUSHO KK) , 
21 October 1985, 

* abstract * 

US-A-3 969 943 (OHNO E.A.) 20 July 1976 

* column 3. line 63 - column 9» line 27; 
figures * 

PATENT ABSTRACTS OF JAPAN 

voK 13, no. 422 {P-933) [3770] , 20 

Septenter 1989 

& JP-A-01 155220 (FUJITSU LTD), 19 June 
1989, 

* abstract * 

PATENT ABSTRACTS OF JAPAN 

vol. 13, no. 256 (P-884) [3604] , 14 June 

1989 

& JP-A-01 053120 (FUJITSU LTD), 1 March 
1989, 

* abstract * 

IBM TECHNICAL DISCLOSURE BULLETIN, 

vol. 19, no. 4, Septeirf)er 1976, NEW YORK 

US, 

pages 1252-1252, XP002O0O865 

G.P. DAHLKE: "HEAT FOCUSING SHIELD IN AN 

EVAPORATION CHAMBER" 

* the whole document * 

US-A-5 106 200 (HOSOKAWA) 21 April 1992 

* the whole document * 


The prcseo^ffurdrrcpwt has been drawn up for att clauns 


1.8,9,14 69105/05 


1.8.14 


1.8 


1.14 


TECHNICAL FIEIOS 
SCARCHEO Oata-i) 


GOIJ 

GOIK 


1.7,9 


THE HAGUE 


18 April 1996 


Raittoer, P 


CATKGURY OK a TCU DOCLMftlNTS 

X : pnticuUrty rciArut ukcn aloae 

Y : pmimUriy retenor if conbincd with awnhcr 

iocnaeal of tbe lane catcfjpcy 
A : tediBoloi^cal bockgrwxid 
O : wi»-«rittco dlfdorure 
P : tDtemediu* doctoMM 


I' : th«oiy or priadpis undertyliks the favntica 
C : evrikr pxtcnt docone&t| bat piUubcd on, or 

aflcrtbcfUInK date 
D ; docnracfit dtcd Ik the appUcsdoii 
L : iocumcM dted for other reasons 


A : nmtber of the same patcnl HaXfy, coimpondtng 
dacunent 


19 


